In this paper, a 60 nm-thick ferroelectric film of poly(vinylidene fluoride-trifluoroethylene) on a flexible substrate of aluminum foil was fabricated and characterized. Compared to pristine silicon wafer, Al-foil has very large root-mean-square (RMS) roughness, thus presenting challenges for the fabrication of flat and uniform electronic devices on such a rough substrate. In particular, RMS roughness affects the leakage current of dielectrics, the uniformity of devices, and the switching time in ferroelectrics. To avoid these kinds of problems, a new thin film fabrication method adopting a detach-and-transfer technique has been developed. Here, 'detach' means that the ferroelectric film is detached from a flat substrate (sacrificial substrate), and 'transfer' refers to the process of the detached film being moved onto the rough substrate (main substrate). To characterize the dielectric property of the transferred film, polarization and voltage relationships were measured, and the results showed that a hysteresis loop could be obtained with low leakage current. key words:
Introduction
Organic nonvolatile memory devices based on ferroelectricity are currently considered a promising approach for the development of flexible, disposable and low-cost memory technology [1] . Among numerous organic ferroelectrics, vinylidene fluoride (VDF) copolymers offer superior memory performance, including large remanent polarization [2] , long retention [3] , strong resistance to endurance [4] , and the capacity to withstand demanding environmental conditions (oxygen and water vapor influence) [5] . Some reports have shown that the ferroelectricity of VDF copolymers can be found even in the two mono-layered film made by the Langmuir-Blodgett method [6] , and in spin-coated sub-10 nm film [7] . It is also found that a nanometer-scaled confined VDF copolymer film operates in the range of 1 V [8] . These sorts of fabrication methods enable VDF copolymer films to operate at very low voltages that will be useful for low power consuming portable appliances. Also, VDF copolymers can create ferroelectricity simply by spin coating and annealing once above Curie temperature, of this ease of fabrication has led to a large number of studies of possible Manuscript uses in nonvolatile memory. The other main advantage of organic electronics is that they allow the realization of multilayer structured devices and flexible systems such as flexible memory and logic [9] , flexible displays, and radio frequency identification (RFID) tags [10] . However, it has proved difficult to realize organic multilayer structures via the conventional solution process, because the utilized strong solvent, such as acetone, may attack or dissolve the deposited organic film. In addition, crystalline or semicrystalline organic films are affected by the surface material [11] and by the surface RMS roughness [12] of the substrate and the bottom electrode, which may cause severe leakage current flow, poor device mobility, and the slow switching time in the case of ferroelectrics. These hurdles have eventually led to poor film uniformity and device failure. Previous studies have introduced the method of thermal vacuum evaporation of a VDF oligomer and have demonstrated a multilayer structure successfully [9] , but this method is not suitable for the printing process or for the rollto-roll process necessary for large area electronics [13] .
In this paper, a method to fabricate a sub-100 nm VDF copolymer film based on a solution process will be suggested as a means of resolving the aforementioned problems. The suggested method includes a detaching procedure of a well formed VDF copolymer film from a sacrificial substrate and a transferring procedure of the detached film onto a main substrate so that the solvent attack explained above is in principle, avoided. To make a well formed VDF copolymer film with a multilayered structure, the single layered film formation will be described first, and the detach-andtransfer method will be described, with characterization, and samples made with this process will be compared with samples made by the simple spin coating method. Next, the detach-and-transfer method will be adopted for sub-100 nm VDF film formation on a flexible substrate, Al-foil. Finally, results will be summarized and the paper concluded.
Single Layered Ferroelectric Film on Rigid Substrate
The material used here is poly(vinylidene fluoridetrifluoroethylene), P(VDF-TrFE) which is copolymerized with vinylidene fluoride (VDF) and trifluoroethylene (TrFE) (75:25 mol%, manufactured by MSI Sensors, Inc.). Material molecular structures are plotted in Fig. 1 mine the process conditions, the physical properties were measured with a Differential Scanning Calorimeter (DSC), with results presented in Table 1 . P(VDF-TrFE) was dissolved in methyl-ethyl-ketone (MEK). By variation of concentration, the thickness of the P(VDF-TrFE) film was controlled linearly from 12 nm to 270 nm ( Fig. 1(b) ). After spin coating on the SiO 2 /Si wafer, thermal treatment was performed at 130
• C for 10 min to dry the solvent and form the ferroelectric phase called the β-phase. As can be seen in Fig. 1(c) , the XRD result shows that the peak is at 2θ = 19.8
• , which is consistent with our previous report [14] .
Piezoelectric force microscopy (PFM) (XE-100 by PSIA) testing was also performed to confirm the ferroelectricity, which is often used for ferroelectric behavior without top electrode deposition [15] . Figure 1(d) shows the phase response from the PFM measurement. In the whole range of 10 μm × 10 μm, a +10 V scan was applied at 6 μm × 6 μm at first; this application is depicted by the light yellow area in Fig. 1(d) . Then, a −10 V scan was applied at 4 μm × 4 μm in the middle of the first scanned area, which is colored dark brown in Fig. 1(d) . Finally, a +1 V scan was applied to read the previous bias results in the 10 μm × 10 μm area, showing a clear phase difference between +10 V scanning and −10 V scanning, implying that the dipoles in two different area align antiparallel to each other.
From XRD and PFM measurements, it is concluded that ferroelectricity in the P(VDF-TrFE) film exists and that a single layered film has been successfully formed.
Detach-and-Transfer Method
The detach-and-transfer method consists of two steps, as noted in the introduction. Employing a similar method to fabricate a single layer film on SiO 2 /Si or glass as a sacrificial substrate, a single layer P(VDF-TrFE) film was first prepared. By dipping this sample into a hydrofluoric (HF) acid aqueous solution, HF penetrated through the polymer film and silicon dioxide below the polymer film was dissolved. P(VDF-TrFE) film was just attached on the sacrificial substrate by sticktion. After this sample was soaked in pure deionized water, the P(VDF-TrFE) film floated on the water surface, which step will be called the 'detach' step. Using a main substrate, this floated film could be taken out. To dry the water residue and attach the film to the main substrate, thermal treatment at 130
• C for 10 min was performed again. The main substrate can be a Si wafer, a metal coated wafer, an organic deposited sample or Al-foil, etc. The whole experimental procedure is shown in Fig. 2 . More detailed conditions are given in another Ref. [16] . Figure 3 shows the Fourier transform infrared spectroscopy (Hyperion 3000, Bruker) results of spin coated film (SC) and detach-and-transferred film (DT) in the range of 600 cm −1 to 1700 cm −1 . To analyze the spectroscopic data, the main characteristic peaks of P(VDF-TrFE) are included in Table 2 [17], [18] . The ferroelectric phase (β) is shown to exist given the peaks at 1273 cm −1 , 880 cm −1 , and 841 cm −1 . Table 2 Main characteristic peak of P(VDF-TrFE). Symmetry coordinates: ν is the stretching mode, δ is the bending mode, and r is the rocking mode. Type α, β, γ are crystal structure of the P(VDF-TrFE).
However, there are no α phase or γ phase, which is deduced from that there is no peak at 612 cm −1 . Therefore, DT has no chemical and crystal structural damages during detachand-transfer process.
To compare this sample with a simple spin coated film, a ferroelectric capacitor was fabricated through thermal evaporation of a top electrode of 50 nm Au, which capacitor was defined by a shadow mask pattern of a 180 μm diameter circle. The main substrate was a Cr/Au deposited wafer. Figure 4 shows the hysteresis graphs measured by a ferroelectric measurement system, RT-66A (Radiant Technologies); Fig. 4(a) shows the polarization-voltage relationships, and Fig. 4(b) shows the polarization-electric field relationships of the four kinds of samples. There are several sets of results, including those for detach-and-transferred film (DT), spin coated film (SC), and hybrid film (SC+DT). For DT 60 nm and SC 60 nm, the two hysteresis loops are almost matched, for which the remanent polarization (P R ) values are 8.516 μC/cm 2 and 8.587 μC/cm 2 and the coercive field (E C ) values are 0.687 MV/cm and 0.7 MV/cm, respectively. For SC+DT 120 nm made by DT 60 nm deposited on SC 60 nm substrate, the P R and E C values are matched to those of the SC 120 nm case. Therefore, the detach-andtransfer method is an appropriate method for film deposition and it is useful for multilayer structured film formation. 
Ferroelectric Film on Flexible Substrate
So far, the fabrication and characterization of a single layered ferroelectric film and a detach-and-transferred film have been discussed. As mentioned in the detach-andtransfer method part, the key advantage of the detach-andtransfer method is that the ferroelectric polymer film can also be formed as a spin coated film without solvent attack if the utilized polymers do not react with water and HF aqueous solution. This detach-and-transfer method, here, will be applied for flexible ferroelectric capacitors. Unlike pristine Si wafers, flexible substrates such as paper, glass, plastic and metal foils can be bendable, foldable and amenable to printing-processes. These substrates are not suitable for CMOS compatible processes, because of thermal stability, mechanical handling, and surface roughness. Thermal stability and mechanical handling issues can be avoided if all the processes with flexible substrates are performed near room temperature and roll-to-roll or printing methods are available. However, the surface roughness must be con- sidered carefully because the roughness can affect the device performance and uniformity, and eventually cause poor yield. Now, it will be shown that the detach-and-transferred film on a rough substrate can operate like a film fabricated on a rigid substrate. For the experiment, ordinary commercialized Al-foil was chosen, of which the thickness is about 18 μm and the RMS roughness is known to be at the 1 μm level [19] . Its large roughness as well as easy preparation is a main reason to be selected in this experiment because the metal bottom electrodes by printing or inkjet process are very rough compared to those electrodes fabricated by vacuum process. If the ferroelectric capacitor operates normally in the worse condition as Al foil with rough surface, the detach-and-transfer method suggested here will be useful for realization of high reliable and uniform device array in large area substrate. Figure 5 (a) shows a ferroelectric capacitor array made on Al-foil as a flexible substrate. The thickness of the ferroelectric film is 60 nm, and the capacitor size is 180 μm in diameter. From the RT-66A manual, the RT-66A does not attempt to measure hysteresis if the ferroelectric capacitor has 4 kΩ or less resistance [20] . Even though most of the capacitors made by the normal spin coating method were short-circuited, the detach-and-transferred capacitors show polarization-voltage hysteresis, as can be seen in Fig. 5(b) . For comparison with DT, the hysteresis of SC on Al-foil is shown in blue solid line. Among a hundred of SC capacitors, few capacitors operate in RT-66A. It seems that SC on Al-foil is nonuniform film so the electric field will be applied nonuniformly. Finally, the hysteresis is leaned compared to DT. And most part of dipoles in SC cannot be switched by lack of electric field so P R is measured to only 3.165 μC/cm 2 . The space between valleys in rough surface may be thicker than other portion of film, in which dipoles are applied by less electric field. By such nonuniformity of film, V C value of SC is observed as much thicker film, results in 8.455 V. This value is twice than V C values of flat capacitors on rigid substrate. Unlike SC case, clear hysteresis loops are evident the two different hysteresis loops are well matched in the case of DT (sample 1 and sample 2), which implies that the suggested detach-and-transfer method is an appropriate method to form organic uniform films on flex- ible and rough substrates. The ferroelectric performance, including that for P R and E C for all hysteresis loops referred to in this paper is summarized in Table 3 .
Compared with the DT and SC films on rigid substrate, P R and E C values of DT 60 nm on Al-foil are large by approximately 10%. For the P R value, it is estimated that the rough surface of the Al-foil causes the area of the capacitor to enlarge by winding of the surface on the micro-scale. Increased E C is considered for the very thin alumina layer on the surface of the Al-foil.
Conclusion
In this paper, a new method for ferroelectric polymer film formation was demonstrated for single and multilayer structured films on rigid substrate. Compared with simple spin coated film, it is found that the suggested detach-andtransfer method is acceptable for polymer film formation. The hybrid film consists of a spin coated film and a detachand-transferred film, which also shows the same performance with that of a single spin coated film. The main advantage of the proposed detach-and-transfer method is that the detach-and-transferred film can be transferred onto any substrate regardless of the kind of substrate and the surface roughness of the substrate. To prove this advantage, the detach-and-transfer method was applied to an Au/P(VDFTrFE)/Al-foil capacitor, which also showed clear hysteresis.
In conclusion, the proposed film formation method, called the detach-and-transfer method, is useful for the fabrication of multilayer structured devices and flexible systems.
